C
LINICAL neuroscientists have become increasingly interested in using sensory evoked potentials (SEP's) to evaluate various forms of human neurological dysfunction. 6-s'12,2z-z6 This technique is noninvasive and reflects the functional integrity of the neural substrata under investigation. The elaboration of SEP's does not require a conscious subject. Therefore, SEP's may provide additional information regarding brain function of comatose patients in the acute and chronic stages following head inj Ury. 9, 10, 14, 18, 21, 23, 24 To assess the clinical value of evoked potentials as prognostic indicators in severe human head injury, we have compared the accuracy and level of confidence with which multimodality evoked potential (MEP) data predicted patient outcome with that of single clinical neurological signs such as motor posturing, pupillary light reflexes, oculocephalic/oculocaloric responses, and combinations of clinical signs such as the best five clinical signs or the Glasgow Coma Scale (GCS). 21 Furthermore, computerized tomographic (CT) findings and intracranial pressure (ICP) measurements were evaluated separately and in combination with the neurological and MEP data to assess their prognostic accuracy. 21 We found that MEP data were the most accurate and reliable single prognostic indicators, with 91% accuracy of prediction. These data were followed by age, ICP, pupillary response to light, extraocular motility, and motor posturing in decreasing order of prognostic accuracy. The combi-nation of clinical signs, age, pupillary response, extraocular motility, and motor posturing correctly predicted outcome with 82% accuracy. The GCS alone was accurate in 80% of predictions. The addition of MEP's to clinical data improved accuracy to 89% and provided the most reliable predictions of any combination of data (64% of predictions made above the 90% confidence level). 21 Whether analyzed alone or in combination with neurological, CT, or ICP data, MEP's appear to have high prognostic value in severe human head trauma, and deserve to be studied further. 21 We have recorded and analyzed MEP's from approximately 300 comatose head-injured patients admitted to our neurosurgical unit over the last 7 years. In 1977, we reported methods of obtaining MEP's 11 and the results of our preliminary studies) ~ A multimodality approach has been used (that is, visual, auditory, and somatosensory responses) because this strategy enables the assessment of a substantial sample of neural tissue, affording a more complete evaluation of brain function than would be possible with only one mode of sensory stimulation.
In earlier reports, we presented preliminary findings that have relevance for this communication (details may be obtained by reference to the original work)) ~ It was possible to recognize, in recordings obtained from patients with severe head injury, four basic patterns of evoked response within each modality marked by a progressive reduction in waveform complexity. A grading scale was devised ranging from Grade I, which closely approximated the MEP's of normal subjects, to Grade IV, which indicated the absence of activity. Furthermore, individual SEP abnormalities recorded from patients soon after injury (in many cases within hours) correlated well with the posttraumatic clinical manifestations of brain dysfunction and patient outcome. Although these results suggested that MEP's could be effectively utilized to evaluate brain dysfunction following severe head injury and to predict outcome, conclusive statements were precluded by the retrospective nature of the analysis and the small patient sample.
In this communication, we report the results of MEP's recorded and analyzed prospectively from 100 comatose patients in the early period following head injury. Our purposes were: 1) to assess the value of the MEP grading system in discriminating final outcome in a population with severe head injury; 2) to evaluate the effect of clinically relevant sequelae of head injury on the prediction of outcome by MEP's; and 3) to describe the progression of the patient's clinical course from the time of head injury to final outcome as a function of the severity of evoked po-tential abnormality. We have recently compared the predictive accuracy of the multimodality evoked potentials analyzed in the present study with the predictive accuracy of the clinical examination, CT findings, and ICP measurements obtained from the same patients. 21 The specific manner in which evoked potential waveforms are altered in response to clinical sequelae of head injury, such as central nervous system (CNS) or pulmonary infections, was also studied prospectively in this group of patients, and will be presented in another communication.
Clinical Material and Methods

Patient Population
The sample comprised 100 comatose, severely headinjured patients, who were admitted to our unit between 1977 and 1979. There were 27 females and 73 males, ranging in age from 5 to 70 years (mean age 31 years). Each patient had complete MEP's recorded in the early period following injury (mean Day 3.8) . No patient made a verbal response or motor movement to verbal command for at least 6 hours following head injury, but all exhibited evidence of neurological function, that is, spontaneous respirations or better. Thirtyfive patients had space-occupying lesions, 33 of whom required surgery.
All patients were prospectively entered into a clinical head-injury management protocol and received standard treatment. 3 At the time of the MEP study, each patient was paralyzed with pancuronium and received artificial ventilation. Determination of outcome was based on a standardized clinical examination performed 1 year after the head injury.
Multimodality Evoked Potentials
Specific methods for obtaining MEP's have been described in detail elsewhere. 11 One complete MEP study was comprised of somatosensory (SER) and visual (VER), cortical, and auditory brain-stem (ABSR) responses from standard 10-to 20-electrode placements. Integrity of peripheral receptors was assessed by recording electroretinograms from the eyelids and eighth nerve action potentials from the vertex or tympanic membrane. Recording of MEP's was performed at the patient's bedside in the acute period following injury (mean Day 3.8).
Determination of MEP Grades. The MEP data were recorded on magnetic computer tape and subjected to off-line computer analysis which produced, for each individual test, an analog printout reporting latencies and amplitudes of appropriate peaks. These results were then analyzed by the investigators and a grade assigned for each evoked response.
We have previously described, in detail, the criteria used for assigning grades in each modality. H We have presented in this communication the discriminative waveform characteristics of each MEP grade based on what we believe to be their neuroanatomical significance. This description, in combination with that of our early report, may have greatest relevance for clinicians interested in examining the regional effects of severe head injury.
Somatosensory Evoked
Response. The SER obtained from median nerve stimulation provides information about the brain stem, diencephalon, and cortex. We believe, and it has been suggested by others, that the earliest components of SER (0 to 15 msec) arise from the peripheral nerves, spinal cord, and brain stem, and the primary cortical response (or perhaps a thalamocortical projection) occurs at approximately 20 msec. 1'4'5 Potentials generated between 20 and 50 msec may be a result of information processing in the primary cortical areas of the postcentral gyrus. ~' 4 The later potentials (50 msec and beyond) may be generated by areas of association cortex and be indicative of higher order integrative function.
The graded potentials that we assign for this modality show close correspondence with these neuroanatomical subdivisions. A Grade I response consists of the presence of activity in all three latency periods: brain stem, primary cortical, and secondary cortical components. This response, in comatose patients, would indicate "normal" integrative capability of cortical structures. A Grade II response is made up of early and primary cortical components with a notable absence of potentials beyond 50 msec. This recording would suggest that information is reaching primary cortical areas but is not being processed further. Shifts in latency of the intermediate waves and decrements in amplitude are often seen when compared to waves in the Grade I category. This grade is considered mildly abnormal. Grade III SER potentials are strikingly characterized by only two components: the first positive (P15) and negative (N20) waves. No later activity is discernible. We interpret this as a severely abnormal response, indicative of failure in primary cortical function. A Grade IV SER consists essentially of electrical silence. However, we do record a P15 wave in the majority of these patients. H This response is characteristic of significant diencephalic and/or brain-stem dysfunction.
Auditory Brain-Stem Responses. The ABSR provides information regrading subcortical function exclusively, and interest has been focused on the first 8 to 10 msec of activity following stimulation. 17 In normat subjects, these potentials are quite consistent in latency, regardless of state of consciousness. 16 '26 A Grade I ABSR is one which is indistinguishable from that seen in normal subjects with regard to morphology and latencies of waves. In Grade II responses, only Waves 1 through 5 are dearly discernible, and delays in the latency of Waves 1 to 5 may be seen, along with amplitude decrements. A severely abnormal waveform is seen in the Grade III response. In this grade, only the eighth nerve potential (Wave 1) has a normal latency and amplitude and is followed by a poorly defined positive wave occurring around 6 msec. This may be indicative of diffuse brain-stem dysfunction at or above the level of the cochlear nucleus. A Grade IV response is one in which only Wave 1 is present.
Visual Evoked Responses. The majority of potentials recorded in response to a flash of light can be attributed to activity occurring in the hemispheresY We believe, therefore, that graded VER's are indicators of hemispheric function, mostly cortical, and can be normal even with brain-stem dysfunction. 1~ A Grade I VER demonstrates integrity of the optic nerve, chiasm, and tract, as well as primary and secondary cortical receiving areas. Grade II is a less complex response, presenting a pair of positive-negative deflections of longer duration than those seen in Grade I, with electrical silence beyond 200 msec. We interpret this to be evidence of intact function of primary areas with some compromise of secondary processing. The Grade III VER consists of a single negative deflection occurring at around 90 msec after stimulus. This response suggests substantial compromise, even of the primary calcarine area and virtually nonexistent cellular function in surrounding tissue. Electrical silence defines the Grade IV response (assuming electroretinograms show retinal integrity).
Outcome
Patient outcomes, which are routinely assessed in our patients at 3, 6, and 12 months after injury, were classified according to the recommendations of Jennett and Bond 1~ into the following categories: good recovery --resumption of normal life; moderate disability --disabled but independent; severe disability --conscious but dependent; persistent vegetative state --prolonged unresponsiveness; death. Outcome was evaluated in these patients by neurologists not directly associated with the evoked potential project. In this report, the outcome was determined in all patients except three at l year.
Data Analysis
For the purpose of analyzing the relationship between MEP's recorded in the early stages following head injury and outcome at 1 year, patients were assigned to MEP groups according to the most abnormal electrical response (worst grade) obtained in any modality. Hence, patients with Grade I responses in all modalities constituted the Grade I group. Patients whose worst grade was II, whether it be one modality or several, made up the Grade II group. If a patient had one or more Grade III SEP's (other scores could have been I's or II's), he or she was assigned to the Grade III group. Likewise, any patient with a Grade IV SEP was placed in that group, even if they only had one Grade IV and the remainder of the Grades were I's, II's, or III's.
This procedure for analysis was chosen because the most severe abnormality in brain function following acute head injury is the most relevant variable in determining later recovery. Grouping according to the best response would be less meaningful, as focal deficits would be obscured. The analysis utilized results in mutually exclusive groups. Furthermore, comparisons can still be made within each group of focal versus diffuse dysfunction.
Results
Multimodality Evoked Potentials and Outcome
The outcome of the 100 patients reported in this study did not differ significantly (chi-square test) from the outcome of the 205 patients in the head-injury protocol population from which the sample was chosen, confirming the validity of the sample.
After the MEP's were analyzed, the numbers of
patients in each group were as follows: Grade I 31; Grade II 31; Grade III 17; and Grade IV 21. In the Grade III group, 11 of the 17 patients had at least one SEP of Grade II severity, while 16 of the 21 patients in the Grade IV group had at least one SEP of Grade II or III severity. Table 1A shows the outcome of patients when grouped by MEP grade. A significant relationship exists between the graded MEP obtained early after injury (mean Day 3.8) and the outcome of these patients at 1 year (p < 0.001, chi-square test); that is, as the severity of MEP abnormality increases, so does mortality. Fifty (81%) of the 62 patients who had, at worst, mildly abnormal MEP's, that is, Grades I and II, realized a return to normal life or only moderate disability. Likewise, the outcome of 29 (76%) of the 38 patients who had a severely abnormal MEP, that is, Grades III or IV, was poor. Differences in outcome can also be discerned between the four MEP grade groups. For example, the percentage of patients attaining good recovery was 71%, 61%, 35%, and 0% for Grades I, II, III, and IV, respectively. Likewise, the incidence of death was 10%, 23%, 41%, and 76% for these same groups.
Cause of Death
The data indicate that deaths occur in all MEP grade groups --even those with minimal neuroelectric abnormality (Grade I: three deaths; Grade II: seven deaths). This finding is inconsistent with the trend of the relationship between graded MEP's and the five categories of outcome. However, an analysis of the cause of death helps to resolve this conflict. When patients dying from causes unrelated to the brain were removed from analysis, the relationship between MEP's and outcome is strengthened (Table  IB) . In this case, 50 (93%) of 54 patients whose worst MEP was Grade I or II had a good to moderate outcome. In this analysis, brain death was attributed to causes such as prolonged elevation of ICP or failure of basic life-sustaining processes resulting from dysfunction in brain centers responsible for their control. Death from causes unrelated to the brain was defined as deterioration resulting from systemic complications such as pulmonary infection, renal failure, septicemia, or some acute crisis not directly related to the original brain insult. The actual relationship betwen MEP's and cause of death in the 33 patients who died can be seen in Table 2 . It is notable that the percentage of brain deaths increases from 0% in the Grade I group to 75% in patients of the Grade IV group (p < 0.04, Daly's trend analysis). The two brain deaths seen in the Grade II group were the result of secondary insults which occurred some time after the original MEP studies were performed.
Secondary Systemic Insults
Secondary systemic insults are factors that may alter the predictive validity of early MEP's (Table  3) . Complications in this analysis include pulmonary infection and edema, gastrointestinal bleeding, inappropriate levels of antidiuretic hormone, meningitis, ventriculitis, and septicemia. The incidence of complications for the MEP groups is as follows: Grade I 48%; Grade II 61%; Grade III 47%; and Grade IV 62%. The incidence of complications in the total group was 55%. However, the data indicate that the effect of complication is particularly marked for patients in Grades II and III. For example, the outcome of patients in Grade II who have no complication is virtually equivalent to that of Grade I patients. However, in the presence of systemic complication, the outcome of Grade II patients is altered such that only 37% of these patients make a good recovery. Secondary complications do not affect the prognostic power of Grade IV MEP's.
The predictive validity of the MEP grades varies directly with the presence of secondary insults not evident at the time the studies were obtained. Hence, if one removes all patients who died of causes unre- lated to the brain, and those who suffered secondary systemic results, MEP Grades I and II could predict a good to moderate recovery 100% of the time (Table 4) .
Mass Lesions
It is known that the probability of good or moderate recovery in patients with mass lesions following acute head injury is substantially less than for those without masses. 13"z~ In the protocol population of head-injured patients, approximately 45% to 50% present with masses; only 33% of these go on to good or moderate recovery compared to approximately 70% of those without masses. Table 5 presents the outcome of the 35 patients in our sample who had mass lesions (Table  5A) compared to the 65 patients without masses (Table 5B). Patients with mass lesions who had Grade I MEP's following surgery had a significantly better outcome (70% good to moderate) than did the total group of patients with mass lesions (34% good to moderate). However, the outcome of patients with mass lesions who had Grade II, III, or IV MEP's following surgery was not significantly different than the total mass lesion group. Outcome for patients with mass lesions was less favorable than for those without masses (Table 5B ) and for the entire sample (Table  IA) , even with equivalent MEP grades. For example, only 43% of Grade II patients with mass lesions obtain a good to moderate outcome, while 84% of Grade II patients without mass lesions achieve good to moderate outcomes at 1 year.
Focal Versus Diffuse MEP Abnormalities
A mild abnormality (Grade II) in only one modality (focal) resulted in outcomes similar to those of patients with no deficit (Table 6 ). However, a diffuse mild abnormality (Grade II in two or more modalities) substantially reduces the probability of a good outcome. This was also the case for patients with Grade III MEP's, although to a lesser extent. Patients with focal deficits which are mild or, in some cases, severe may make a return to normal or near normal existence. However, the presence of only one Grade IV evoked response in a single modality indicates a poor 14  dead  3  10  1  6  6  43  3  30  4  57  10  72  6  86  total  31  17  55  14  45  10  59  7  41  14  67  7  33 * Focal dysfunction = abnormality in only one modality; diffuse dysfunction = abnormality in more than one modality.
prognosis. Four of the patients with focal absence of activity did survive. One patient with absent VER's suffered cortical blindness and bizarre mentation. Of the three who had absent SER's, two are severely handicapped in sensorimotor function and one is "locked in."
Clinical Recovery Time
The MEP studies reported here were performed in the first few days following injury, during which time all of the patients were comatose. At 2 weeks after injury, the clinically assessed level of function was, in the majority of patients, severely disabled or worse. It is important to note how the MEP grades compared with reported outcome at the times when clinical follow-up examinations were performed, that is, at 3, 6, and 12 months after injury ( Table 7 ). The 33 patients who died did so prior to 90 days after injury and only survivors are included in the table. The outcomes for the sample as a whole demonstrate a general tendency for good recovery to be attained by 6 months. This is the case for patients in Grades I and II, although a greater proportion of Grade I patients had already reached a good outcome by 3 months. Importantly, three of the four Grade II patients, severely disabled at 3 months, ultimately had a moderate recovery at the 12-month evaluation (the fourth had unknown outcome at 12 months). Two shifts from vegetative to severely disabled occurred in the Grade IV patients between 3 and 12 months. These findings suggest that clinical evidence of good or moderate recovery predicted from the early MEP results may take 6 months to a year to be realized. It also suggests that those patients who have Grade I or II MEP's will attain their final outcome within 6 months.
Discussion
We have shown in patients with severe head injury that MEP's alone are strong prognostic indicators and that the prognostic accuracy and reliability of clinical, ICP, and CT findings are improved when combined with MEP data. 21 Because of this, we believe it important to further define the interactions between MEP and the injured and dysfunctional brain.
When we combined the four MEP grades into two groups, that is, mild to moderate versus severe to absent MEP's, the mildly abnormal evoked potentials (Grades I and II) were predictive of good to moderate outcomes in 81% of patients, whereas the severe to absent MEP's (Grades III and IV) indicated a poor outcome in 76% of cases. These results confirm the findings reported previously. 1~ However, in this study, we had sufficient data to analyze the prognostic significance of individual MEP grades. The four-grade analysis system provides a more sensitive index of brain dysfunction than does a simple dichotomy of normal versus abnormal evoked potential data. A linear trend from Grade I through IV can be found in the various outcome categories. For example, of all patients studied, 71% of those with Grade I MEP's had a good outcome, as did 61% of those with Grade II, 35% of those with Grade III, and none of those in Grade IV (Table 1A) .
We have shown with the early graded MEP's that severity of CNS dysfunction (indicated by complexity of SEP waveform) is related to patient outcome at 1 year. Almost half of the patients in our sample demonstrated discrete, focal deficits of varying severity, as evidenced by neuroelectric abnormalities in only one modality. In general, these patients had a more favorable outcome than those with diffuse abnormalities. The effect is differentially manifest across the graded groups. Thus, a mild abnormality in secondary cortical activity (Grade II) limited to one modality results in outcome comparable to that of patients with no apparent neuroelectric deficit; but diffuse absence of late cortical activity, that is, Grade II in more than one modality, decreases the probability of attaining a good to moderate recovery (88% versus 57%) ( Table 6) .
Our results regarding the effect of complications on outcome suggest that they are important variables to be considered in using MEP's as prognostic tools. Of all patients in the Grade I or II groups, 20% had poor outcomes. The predictive capability of the MEP's is improved by removing patients whose death was attributed to secondary systemic complications (Table  1B) . Also, the effect of a complication on patient outcome may depend on the severity of the initial mechanical insult as defined by MEP's. For example, although the actual incidence of complication was not different between patients in Grades I and II, less favorable outcomes were realized in the Grade II group with complications than the Grade I group with complications (Table 3) . Patients with Grade I and Grade II responses are not prognostically similar. Although these two groups were combined for analysis in our initial report (as were Grades III and IV), it has become increasingly apparent that a distinction between all four grades must be made when trying to assess the variables affecting outcome. There appears to be an interaction between the initial brain insult as defmed by evoked potential data and the effects of complications. In view of this, additional MEP studies are necessary to monitor alterations in brain function caused by secondary insults and to restate outcome prediction accordingly. Mass lesions following severe head injury are certainly among the most serious secondary insults that occur. In patients with mass lesions, MEP's are recorded after surgical evacuation that occurs as rapidly as possible after admission and diagnosis. 3 Thus, the effects of this insult are inherent in the early MEP study, unlike other complications which develop later. A comparison of MEP grade groups with and without mass lesions (Table 5A and B) indicates two points. First, the prognosis for patients in Grades I, II, and III is less favorable when a mass is present. In patients showing an absence of electrical activity (Grade IV), there is little difference. Second, a Grade I MEP study recorded from patients after evacuation of a mass lesion indicates a more favorable outcome (70% good to moderate) than is seen for the total group of patients with mass lesion (34% good, 11% moderate). This finding suggests that MEP's may provide additional prognostic information in this subset of patients that is not obtainable by other means. Furthermore, 10 of 12 patients in the mass lesion group who made a good to moderate recovery had only mild MEP abnormalities (Table 5A) .
The clinical manifestation of a Grade I or II evoked potential is a good to moderate patient outcome. The accuracy of an outcome prediction based on evoked potential data obtained in the first few days following head injury while patients are comatose and posturing may not be appreciated until 1 year later. Patients with Grade I responses are generally well on the way to ultimate recovery by 3 to 6 months. Patients with Grade II and focal Grade III MEP's may require greater periods of time to achieve final outcome and, therefore, deserve continued maximal medical therapy.
The predictive accuracy of early MEP studies varies directly with the development of secondary insults. In fact, if one removes from the analysis those patients who died of causes unrelated to the brain, the association between a Grade I MEP and a good to moderate outcome changes favorably from 87% to 96% (Table  4) . Eliminating, further, patients who suffered secondary insults, such as pulmonary infection or delayed splenic rupture, improves the prognostic significance of Grade I MEP's from 87% to 100%. Similar improvements in prognostication were also realized for Grade II and III MEP's. Grade IV MEP's are maximally predictive of poor outcome, regardless of the influence of other factors. Those observations highlight the critical importance of preventing the development of secondary insults in patients with severe head injury.
As treatment programs become oriented toward early intervention and aggressive management, 2'19 greater emphasis will be placed on discriminating subsets of head-injured patients based on the functional severity of injury, so that valid assessment of a given treatment regimen or decisions concerning the initiation of particular treatments can be made. Our data suggest that MEP's can identify dysfunctional, quiescent neurons capable of recovery if given the proper environment, and can discriminate these from neurons that are dead or incapable of normal function. Therefore, the results of evoked potential studies may become standard criteria for categorizing the functional severity of head injury.
